The contents of FC, somatic coliphages and F-specific bacteriophages were measured in the stabilization pond and stabilization reservoir system of the City of Arad (Israel) in order to determine the efficiency of the treatment process regarding the microorganisms removal. Monitoring was conducted close to one year. Physical and chemical parameters (temperature, pH, BOD 5 , COD, SS) were also analyzed with the aim of finding factors that affect the microorganisms removal. The field results prove a very good performance of this treatment system. FC, somatic coliphages and F-specific bacteriophages were removed between 4.16 and 5.76 log units, during winter and in between 6.02 and 6.47 log units during summer. The microbial quality of the final effluent complies with the WHO guidelines for unrestricted irrigation. The results also indicate that retention time and temperature seem to be the most important factors for microorganisms removal. F-specific bacteriophages were removed at higher rates than FC and somatic coliphages. Consequently, it is suggested that F-specific bacteriophages might be less adequate viral indicators for this treatment system.
Introduction
Waste stabilization ponds (WSP) are one of the most appropriate extensive wastewater treatment methods to reduce pathogens. Low operation and maintenance costs coupled with effective pathogen removal have made WSP widely employed all over the world, particularly in developing countries where sufficient land is normally available and the climate is more favourable for their operation (Mara, 1976; Mara and Pearson, 1998) . Despite their operational simplicity, the pathogen removal mechanisms in WSP are not well established yet and there is still a risk of contamination of crops and soil irrigated with this kind of effluent (Maynard et al., 1999) . Therefore, it is important to investigate the behaviour of microbial indicators in wastewater treatment processes in order to predict the inactivation of infectious microorganisms and to evaluate their efficiency. FC are the principal microbial indicator organisms used for wastewater treatment system monitoring. However, the use of FC does not always reflect the viral pollution of the effluent due to the poor correlation with virus occurrence and persistence in treatment processes. Bacteriophages have been proposed as indicators for human pathogenic viruses due to their similar morphology and survival in aquatic environments. Somatic coliphages, F-specific bacteriophages and phages of Bacteroides fragilis are so far the more suitable viral indicators (Kott et al., 1974; Jofre et al., 1986; Havelaar et al., 1993) . However, information on the concentration of these indicator organisms in sewage and their behaviour in treatment processes is needed to evaluate their reliability as model organisms.
The purpose of this work was to examine the fate of bacterial and viral indicators (FC, somatic coliphages and F-specific bacteriophages) in a full-scale advanced integrated system of stabilization ponds and stabilization reservoirs in order to determine its efficiency regarding the microorganisms removal and to identify the main physico-chemical parameters involved. It is for further consideration of utilizing bacteriophages as microbial indicators for monitoring of water quality in waste stabilization systems.
Material and methods

Site description
The study was performed in a full-scale advanced integrated pond and reservoir system located near the City of Arad, in the Judean Desert of Israel, at 525 m. above the sea level. The conditions of this area reflect an arid or semi-arid climate. The mean annual precipitation during the rainy season (October-April) is around 150 mm. The solar radiation is high along the entire year being the maximum monthly mean of approximately 1,000 W/m 2 . The plant treats the wastewater of the city that has an stable population of around 22,000 inhabitants. The wastewater is mainly domestic and the daily flow rate mean is about 5,000 m 3 /d. The final effluent is used for irrigation of a variety of crops such as almond trees, wheat, barely, sunflower and alfalfa, under onsurface and subsurface drip irrigation systems. This integrated pond system is in operation since 1999 and consists of different units. The design characteristics of the different components are shown in Table 1 . After a pretreatment stage in a grit chamber the effluent flows into three anaerobic ponds operating in parallel, followed by a facultative pond, a maturation pond, a two stage rock filter, three stabilization reservoirs disposed in parallel operating in a cycle of "fill-rest-use" and a large seasonal storage reservoir ( Figure 1 ). The rock filter has two dikes consisting of gravels of 10-12 cm in diameter and actually performs as an horizontal trickling filter.
Sample collection and experimental methods
Wastewater samples were collected three to four times per month from June 2000 to March 2001. Sample collection dates were randomly chosen and all collections were done between 09:00 and 11:00. Sampling locations were at the main inlet (raw wastewater) and pond outlets ( Figure 1 ). Raw wastewater samples were 24-hour composite samples and pond effluent samples were grab samples. Sample collection and handling procedure were performed according to the standard proceedings recommended by APHA (1998), for microbiological and physico-chemical analysis.
The physico-chemical parameters analyzed included the BOD 5 (method 5210 B, Standard Methods (APHA, 1998), COD (method 5220 C), SS (method 2540 D) and pH and temperature were measured "in situ" at 25 cm from the surface of the ponds with a portable device model Schott, Handylab 1. The microbiological parameters analyzed were FC (method 9222 D), somatic coliphages (ISO/DIS 10705-2/1999) and F-specific bacteriophages (ISO/CD 10705-1/1996). All data from the microbial analyses was converted into log 10 scale. Therefore, values below the detection limit were assumed as 0 value in order to be able to convert it to log units. The detection limit for the FC assay was 10 CFU/100 ml and for the bacteriophage assay was 10 PFU/100 ml.
Results and discussion
Results are presented separetely for the summer period (June 2000-October 2000) and the winter period (November 2000 -March 2001 in order to detect any influence of climate factors on the microorganisms removal.
Removal of bacterial and viral indicators through the treatment system
The FC, somatic coliphage and F-specific bacteriophage content in the raw wastewater and the effluent of each system's component are presented in Figure 2 . The numbers of the three pathogen indicators in the raw wastewater are quite similar for the two seasons with a slightly increase during summer. The average content of FC in the final effluent of the treatment system (seasonal storage reservoir effluent) never exceeded from 3.00 log units/100 ml along the period of study. Some of the values were below the detection limit. Therefore, the final effluent of this treatment system complies with the WHO guidelines for unrestricted irrigation regarding the FC content (≤1,000 CFU/100 ml or 3 log units/100 ml). Consequently the effluent can be used for unrestricted irrigation of several crops during the entire year without any additional disinfection treatment.
According to all the data processed during this study the highest value for the average content of somatic coliphages in the final effluent was 3.67 log units/100 ml and some of the values were below the detection limit. The highest value for F-specific bacteriophages was 1.37 log units/100 ml and most of the values were below the detection limit. Although there are no guidelines from the WHO or other institutions regarding maximal content of these phages in reclaimed wastewater for irrigation, due to the low numbers found in this study it can be concluded that the concentration of pathogenic viruses will be also low.
The average removal of FC through the whole treatment train was 6.02 log units/100 ml during summer and 4.56 log units/100 ml during winter. The average removal of somatic coliphages and F-specific bacteriophages in the treatment system was 6.03 and 6.47 log units/100 ml, respectively, during summer and 4.16 and 5.76 log units/100 ml, respectively, during winter. Taking into account that there are no significant differences in the concentrations of the three pathogen indicators in the system's influent, it can be claimed that the capability of the treatment system for FC, somatic coliphage and F-specific bacteriophage removal is higher during summer than during winter.
The average removal of FC, somatic coliphages and F-specific bacteriophages for summer and winter in each component of the treatment system is presented in Figure 3 . All the components have an average removal of the three indicators monitored higher during summer than during the winter, except the seasonal storage reservoir and, in the case of the F-specific bacteriophages, also the stabilization reservoirs.
These exceptions are probably due to the low numbers of the three pathogen indicators found in these two last components of the system, being difficult to determine significant improvement in the removal efficiencies. It has to be noticed that those microorganisms still remaining viables are more resistant to the ambient conditions, so their elimination is more difficult.
The higher removal rates during summer for the three indicators monitored can be explained by the major environmental factors effects. These include the high ambient temperature, solar radiation and pH which cause microorganisms content reduction (Saqqar and Pescod, 1992; Davies-Colley et al., 1999) .
The stabilization reservoirs and the seasonal storage reservoir were the components of the treatment system with the highest reduction rates of FC and somatic coliphages, independently of the period of study (summer and winter). It is probably due to the extended hydraulic retention time in the last components of the treatment system which is much higher than in the rest of the components. The stabilization reservoirs have a theoretical hydraulic retention time of 40 days and in the seasonal storage reservoir the retention time is about 150 days (Table 1) . The hydraulic retention time is considered to be similiar for summer and winter due to the fact that, in this case, the irrigation season lasts the whole year.
These results emphasize the major importance of the hydraulic retention time in pond disinfection and are in agreement with other studies (Polprasert et al., 1983; Oragui et al., 1987; Rangeby et al., 1996) . The extended retention time in ponds allows other factors in the lagoon environment, such as pH, temperature, solar radiation, etc. to affect microorganisms die-off.
The stabilization reservoirs and the seasonal storage reservoir had also the highest reduction rates of F-specific bacteriophage removal, however, primarily for the winter period. During the summer period, the maturation pond and the rock filter had the highest reduction rate for F-specific bacteriophage removal. with values of 1.69 and 1.72 log units/100 ml, respectively (Figure 3) . These results indicate that F-specific bacteriophages are removed during summer more efficiently in components of the treatment system located before the stabilization reservoirs and the seasonal storage reservoir. This behaviour differs from the one observed for FC and somatic coliphages.
The removal rates for FC and somatic coliphages in the different components of the treatment system are similar. However, it is noted that the removal of somatic coliphages and F-specific bacteriophages in the anaerobic ponds is higher than for FC ( Figure 3) . This result indicates that phages are removed more efficiently than FC in this type of ponds. The main mechanism for microorganisms removal in anaerobic ponds is the adsorption onto settling solids (Bitton, 1975) . The rock filter presents a good reduction of the three pathogen indicators content monitored. The less land requirements for the rock filters would minimize this disadvantage of the classical stabilization pond systems.
F-specific bacteriophages were removed in a higher rate than FC and somatic coliphages in all the components of the treatment system, where their concentrations in the effluent of the stabilization reservoirs were below the detection limit (Figures 2 and 3 ). Turner and Lewis (1995) , in their evaluation of a stabilization pond treatment system in New Zealand, also found that F-specific bacteriophages were reduced at a higher rate than FC. These results indicate that F-specific bacteriophages may not be adequate as viral indicators for this treatment system, due to their rapid elimination. However, more work is needed to confirm this tendency. Average values for summer and winter periods of the different physico-chemical parameters in the various systems' components were evaluated. The difference between the summer and winter periods for pH, BOD 5 , COD, and SS are less important and hardly explain the capability of the treatment system for a higher FC, somatic coliphage and F-specific bacteriophage removal rates during summer than during winter. Almost all the components have an average removal of the three indicators monitored higher during summer than in winter (Figures 2 and 3) . However, a good performance of the treatment system with regards to the various conventional parameters was noticed. BOD 5 removal was around 95% during summer and 98% during winter, COD removal was 87% during summer and 90% during winter and SS removal was approximately 92% during summer and 94% during winter.
Temperature is the parameter that better explains the main differences between summer and winter and seems to be the most important factor influencing the performance of the system during the two periods. During summer, when the temperature is higher, the removal rates for the three pathogen indicators are higher than during the winter. This result is in agreement with other studies (Saqqar and Pescod, 1992; Mills et al., 1992) and emphysizes the importance of the temperature in pond disinfection.
Conclusions
Field experiments were conducted in order to evaluate the efficiency of domestic wastewater treatment in an integrated stabilization pond and reservoir system. Subject to the work several conclusions can be drawn. (a) The FC content of the final effluent of the treatment system complies with the WHO guidelines (1989) for unrestricted irrigation with reclaimed wastewater. (b) The stabilization reservoirs and the seasonal storage reservoir allow a significant reduction of FC, somatic coliphage and F-specific bacteriophage concentration in the final effluent, confirming that the additional hydraulic retention time of these components improves the microbial quality of the wastewater. (c) The rock filter presents a good reduction of the three pathogen indicators content monitored. The reduced land requirements for rock filter ponds would minimize this disadvantage of the classical waste stabilization pond systems and make the rock filters an upgrading phase. (d) Anaerobic ponds seem to be more efficient for the removal of somatic coliphages and F-specific bacteriophages than for FC. (e) F-specific bacteriophages are removed more efficiently than FC and somatic coliphages in this treatment system. This can imply that F-specific bacteriophages would not be good indicators for pathogenic viruses behaviour in this kind of systems due to their rapid elimination. However, more work is needed to confirm this tendency. (f) Temperature seems to be one of the more influential parameters in microorganisms removal. The performance of the system regarding BOD 5 , COD, and SS removal is very good, yielding removal rates of around 90% or above with negligible differences between summer and winter periods.
